We report the testing of a high gradient electron accelerator with a photonic-band-gap (PBG) structure. The photonic-band-gap structure confines a fundamental TM 01 -like accelerating mode, but does not support higher-order modes (HOM). The absence of HOM is a major advantage of the PBG accelerator, since it suppresses dangerous beam instabilities caused by wakefields. The PBG structure was designed as a triangular lattice of metal rods with a missing central rod forming a defect confining the TM 01 -like mode and allowing the electron beam to propagate along the axis. The design frequency of the six-cell structure was 17.14 GHz. The PBG structure was excited by 2 MW, 100 ns pulses. A 16.5 MeV electron beam was transmitted through the PBG accelerator. The observed electron beam energy gain of 1.4 MeV corresponds to an accelerating gradient of 35 MV=m, in excellent agreement with theory.
To probe beyond the established picture of particle physics, accelerators must reach ever-higher energies into the TeV range. Intensive research is being conducted on novel acceleration techniques, which would allow high particle beam energies to be achieved by means of high gradient acceleration, thus minimizing the accelerator cost and complexity. These advanced accelerators are also needed for free electron lasers at wavelengths up to the x-ray region, and compact industrial accelerators. Promising approaches include laser-beat-wave accelerators [1] [2] [3] , laser-wakefield accelerators [4, 5] , plasma wakefield accelerators [6] , and other novel ideas [7, 8] . Another promising approach consists of using high frequency microwaves (10 to 100 GHz) to produce higher gradient accelerators than those obtained by operating at present day microwave frequencies (3 GHz or less). High frequency accelerators also operate at reduced stored energy and power consumption [9, 10] . High power, high frequency microwave sources are expected to have major advantages in terms of high average power capability and high efficiency operation. However, wakefield radiation from bunched beams can excite high order modes (HOM) in an accelerator, leading to beam breakup instabilities and ultimately to beam loss from the accelerator [11] . Wakefield generation is known to scale as frequency to the third power, a very dangerous situation for high frequency microwave accelerators [12] . The research that is reported here demonstrates a novel, high gradient acceleration structure for high frequency microwaves which can mitigate and even eliminate the problem of dangerous wakefield radiation. Until now, photonic-band-gap (PBG) cavities have not been tested in an accelerator (hot tested) to demonstrate that they can be built and operated at high gradient. We report the successful fabrication, tuning, and operation up to an accelerating gradient of 35 MeV=m of a six-cell PBG structure.
The accelerator structure based on a disk-loaded PBG waveguide is shown schematically in Fig. 1 . A PBG structure (or simply, photonic crystal) represents a periodic lattice of macroscopic pieces of dielectric or metal [13] . Scattering of the electromagnetic waves on the periodic structure can produce many of the same phenomena for photons that the periodic atomic potential does for electrons [14] . In particular, one can design and construct photonic crystals, preventing light of certain frequencies from propagating in certain directions. The range of frequencies which do not propagate through the photonic crystal is called a ''band gap.'' A periodic lattice of metal rods, which is a particular case of a two-dimensional (2D) photonic crystal, is attractive for microwave applications [15] [16] [17] . The presence of a photonic band gap in a 2D photonic crystal allows construction of a PBG waveguide, which can be formed by removing a rod from the center of the lattice as shown in Fig. 1 . The mode, which has a frequency in the band gap, will not be able to propagate out transversely through the bulk of the PBG structure and will thus be localized around the defect. However, generally, PBG waveguides only support modes with frequencies within the global band gaps and therefore provide a means for selective suppression of unwanted (high order/wakefield) modes.
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Side view Numerous advances have been made in the theory of 2D PBG structures and 2D metallic PBG resonators and waveguides. The complete diagrams of global band gaps in square and triangular 2D metallic lattices of rods have been published in [18] . A 2D metallic PBG resonator for accelerator applications, based on a square lattice was first investigated computationally by Smith et al. [15, 16] . This first investigation was very promising but it also had certain drawbacks. First, it did not completely demonstrate the selective single-mode confinement in a PBG resonator. Second, it was later shown that the use of a square lattice provides poor azimuthal symmetry [17] . We have developed the triangular lattice resonator, which provides much better azimuthal symmetry. Using the band gap diagrams computed in [18] , we have designed a PBG resonator, which supports a single transverse-magnetic (TM) mode and no HOM [19] . The field profile of the confined mode in a PBG resonator closely resembles the field profile of the TM 01 mode of a pillbox cavity (Fig. 2) , which is conventionally employed as the accelerating mode in disk-loaded cylindrical waveguides. It was shown in [19] that a PBG resonator with a triangular lattice selectively supports the TM 01 mode only if the radius of the rods in the PBG resonator, a, divided by the spacing between the rods, b, is less than 0.2. When a=b < 0:2, the next higher-order TM 11 -like mode cannot be supported by the PBG structure [ Fig. 2(a) ]. For a=b 0:2 the TM 11 -like mode is confined by the PBG structure [ Fig. 2(b) ] and the PBG resonator is not mode selective and is not attractive as an accelerator cell, since the TM 11 dipole mode may induce the transverse beam displacement. In Fig. 2(a) , the mode observable in the simulation, labeled ''dipole mode,'' is not confined within the central region, but instead extends throughout the volume of the resonator. The mode is only confined by the outer wall of the resonator. In our resonator, the outer wall is removed and this dipole mode is absent.
The PBG accelerator was designed to operate at the MIT accelerator laboratory frequency of 17.140 GHz. As shown in Fig. 1 , a PBG waveguide is formed by removing the central rod from a triangular lattice. The waveguide is loaded with iris plates to achieve resonance of the electromagnetic wave with the speed-of-light ( 30) electron beam. The iris plates spacing, L, is determined by the resonance condition
where ! 2f, f 17:140 GHz is the accelerator frequency, and c is the speed of light. The iris plates have round openings at the center for transmitting the electron beam [ Fig. 1(b) ]. The diameter of the openings, d 4:32 mm, is compatible with the waist size of the electron beam at the MIT accelerator laboratory. The traveling wave PBG structure was designed to consist of six cells: two coupler cells and four traveling wave (TW) cells. The complete design of the structure was performed using the High Frequency Structure Simulator (HFSS) code [20] . The radii of the rods, a, and the spacing between the rods, b, were adjusted to bring the operating mode's frequency to 17.140 GHz. Both a and b could be varied to change the frequency. However, it was desirable to keep the ratio a=b 0:15 for good HOM damping and high Ohmic Q [19] . An iris thickness t 1:14 mm was chosen. The value selected for the iris thickness resulted in a low value of the group velocity, 0:013c, but a high value of the shunt impedance. The high value of shunt impedance was necessary to produce a high accelerating gradient, so that, for the 2 MW of input power available from the klystron, the 6-cell structure could accelerate the electron beam by more than 1 MeV. This energy increase could then be easily detected, even in the presence of an energy spread that could be as large as 0:25 MeV. Finally, the HFSS code was applied for the coupler cell design. We employed the coupler tuning algorithm described originally in [21] . Final PBG accelerator structure dimensions and accelerator characteristics are summarized in Table I .
The PBG accelerator structure was manufactured via electroforming and was first found to be about 40 MHz too high in frequency. The structure was then fine-tuned to the correct frequency by chemical etching of the copper rods. Final manufacturing tolerance after tuning was . Electric field patterns in the TM 01 -like mode and the TM 11 -like mode in a PBG waveguide: (a) the TM 11 -like mode is not supported by the PBG structure when a=b < 0:2; (b) the TM 11 -like mode is confined by the PBG structure when a=b > 0:2 (see [19] ). The calculations have been made using the HFSS code [20] .
PRL 95, 074801 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending 12 AUGUST 2005
074801-2 2.5 microns (0.0001 inch). The comparison of the S 11 (reflection) and the S 21 (transmission) coupling curves measured after the fine-tuning in cold test to the coupling curves computed with HFSS is shown in Fig. 3 . Agreement is excellent. The PBG structure was installed inside a vacuum chamber at the end of the MIT linear accelerator (linac) beam line. A diagram of the MIT accelerator experimental laboratory is shown in Fig. 4 . The Haimson Research Corporation (HRC) relativistic klystron amplifier [22] was employed to supply the power for the linac and the PBG structure. The klystron is designed to produce up to 25 MW of rf power at 17.132-17.142 GHz for pulse lengths up to 1 s and is typically operated at 10 to 15 MW for 100 to 150 ns. The klystron output is connected to a power splitter which directs the power into two WR-62 output waveguide arms. The power level ratio between the arms can be varied. One arm is directed towards the linac and the second arm goes to the PBG structure. A phase shifter was installed on the PBG experiment arm to allow for different phase shifts between the field in the linac and in the PBG accelerator.
The linac beam was generated by a dc (Pierce) electron gun at the energy of 0.51 MeV with a normalized rms emittance of 1:8 mm-mrad and transported to the chopper-prebuncher section and the main linac. The resulting beam represents a train of 0.01 nC, 1 ps bunches at 17.140 GHz with an energy of 10 -25 MeV [23, 24] . At 0.5 m beyond the linac on the beam line, a focusing solenoid produces magnetic fields up to 0.6 T, which provide a minimum beam spot size of about 1 mm. The focusing solenoid and a set of steering coils provided a means to center the beam on the PBG accelerator structure axis. A magnetic spectrometer was installed at the end of the beam line and employed for measurements of changes in beam energy (acceleration/deceleration). The PBG accelerator structure was conditioned over a period of 1 week (approximately 100 000 pulses). Up to 2 MW of microwave power at 17.140 GHz in a 100 ns long pulse could be coupled into the PBG structure without breakdown. The filling time of the PBG structure is less than 10 ns. With 2 MW of input power, the calculated accelerating gradient in the PBG structure is 35 MV=m.
The energy spectrum of the linac electron beam was first determined with no power injected into the PBG structure. which is consistent with the estimated 35 MV=m accelerating gradient. We have demonstrated high gradient electron beam acceleration in a photonic-band-gap accelerator. The PBG disk-loaded waveguide may be a promising candidate for future accelerator applications because of its ability to effectively damp higher-order modes and thus suppress wakefields. The present research has demonstrated the ability to design, fabricate, and tune a PBG accelerator structure, and has shown that the structure does in fact accelerate electrons at high gradient. Future research on PBG accelerators should be directed towards improved fabrication techniques, studies of microwave breakdown, and direct tests of wakefield suppression. 
